s Abstract The raphe magnus is part of an interrelated region of medullary raphe and ventromedial reticular nuclei that project to all areas of the spinal gray. Activation of raphe and reticular neurons evokes modulatory effects in sensory, autonomic, and motor spinal processes. Two physiological types of nonserotonergic cells are observed in the medullary raphe and are thought to modulate spinal pain processing in opposing directions. Recent evidence suggests that these cells may modulate stimulus-evoked arousal or alerting rather than pain-evoked withdrawals. Nonserotonergic cells are also likely to modulate spinal autonomic and motor circuits involved in thermoregulation and sexual function. Medullary serotonergic cells have state-dependent discharge and are likely to contribute to the modulation of pain processing, thermoregulation, and sexual function in the spinal cord. The medullary raphe and ventromedial reticular region may set sensory, autonomic, and motor spinal circuits into configurations that are appropriate to the current behavioral state.
INTRODUCTION
More than 20 years ago two reviews advanced a model for endogenous pain modulation that centered on descending projections from the brainstem to the spinal dorsal horn (Basbaum & Fields 1978 , Fields & Basbaum 1978 . This model proposed that a discrete set of interconnected brain regions in the forebrain and midbrain converges upon medullary raphe magnus (RM) neurons that project to the spinal dorsal horn, where they specifically mediate analgesia. Since its inception, this model has served as a valuable impetus for motivating basic investigations into pain modulation and medullary raphe function. However, recent evidence suggests that the selective association between RM and pain modulation may not only be overstated but may also obscure a true understanding of medullary raphe function. RM is part of an interrelated group of raphe and reticular nuclei that has been implicated in thermoregulation, vasomotor control, sleep/wake cycles, motor control, and the control of sexual function, as well as in pain modulation. This review considers the contributions of medullary raphe and ventromedial reticular neurons to the modulation of thermoregulation and sexual function, as well as pain, and advances the idea that these neurons modulate multiple homeostatic functions in coordination with an animal's state.
THE NATURE OF PAIN AND PAIN MODULATION
Pain has traditionally been defined as an unpleasant sensory and emotional experience elicited by actual or potential tissue damage. It is commonly held that pain can only be studied in verbal humans and that nociception is the term of choice where animals are concerned. However, in recognition of the biological continuity between verbal, nonverbal, and preverbal humans and their phylogenetic relationship to nonhuman primates and other animals, pain is likely to occur outside of verbal humans. Therefore, I will use the term pain and nociception interchangeably.
Pain is not a unitary sensory modality. The sharp, stabbing pain associated with Aδ nociceptor activation differs from the dull, aching pain associated with C fiber activation in terms of both perception and neural pathways involved (Ochoa & Torebjork 1989 , Torebjork et al 1984 . Persistent pain, caused by either inflammation or nerve injury, involves plastic changes in neural pathways that overlap with those involved in signaling acute pain. Because of the neuroanatomical separation between different sensory qualities (sharp, dull, acute versus persistent), it is possible that descending systems target different aspects of each type of pain. This review concerns pain modulation in the intact rat that encounters acute painful stimuli in the course of living its "normal" daily life and not the injured animal that faces chronic pain.
In the words of Sherrington, painful stimuli evoke reactions in a "curiously imperative" manner (quoted in Blessing 1997, p. 269) . The presence of pain is overwhelming-it overtakes or influences virtually every neural process. In turn, the reaction to pain is influenced by a myriad of factors such that an organism's perceptual or motor reaction to a known stimulus cannot be predicted. The extreme variability in the pain stimulus-response relationship is due to the presence of an endogenous pain modulatory system and shows both this system's potential magnitude and pervasiveness.
In the majority of studies directed at understanding descending pain modulation in the rodent, the latency of tail withdrawal from noxious heat ("tail flick latency") is used as the primary, and sometimes sole, measure of nociceptive responsiveness. The main advantage of this paradigm is that an almost perfect correspondence exists between the ability of a test narcotic to block the tail flick and the ability of that drug to suppress pain in humans (Grumbach 1966 ). Yet many experimental and pharmacological manipulations that block the tail flick have little or no effect on more organized pain behaviors such as the jumping or paw licking elicited by being placed on a heated plate ("the hot plate test") (e.g. Drower & Hammond 1988 , Thorat & Hammond 1997 . Furthermore, the tail flick can be pharmacologically dissociated from the noxious heat-evoked paw withdrawal (Ackley et al 1999; Drower & Hammond 1988; Fang & Proudfit 1996 , suggesting that the tail flick is not even representative of simple withdrawal movements. These results highlight the danger inherent to viewing nociceptive modulation as a generalized system, the outcome of which can be represented by a single measure. It is more likely that differential modulation occurs with respect to (a) the modality of the noxious stimulus; (b) the body location where the stimulus is applied (Benedetti et al 1999) ; and (c) response type (somatomotor, vasomotor, cardiovascular, endocrine, affective, etc) elicited. Understanding how brainstem modulatory circuits impact pains of different modalities or locations or different responses to painful stimuli is a challenge for the future.
In 1969 Reynolds demonstrated that upon microstimulation of sites near the midbrain periaqueductal gray (PAG) rats tolerate an abdominal incision and skin retraction without anesthesia. Although the stimulated rats did not react adversely to the surgery, they startled in response to unexpected visual or auditory stimuli. This remarkable report identified the PAG as a powerful site for the production of analgesia. Bolstered by reports that PAG and periventricular stimulation produced analgesia in patients with intractable pain (Hosobuchi et al 1977 , Richardson & Akil 1977 , Young et al 1985 , a fascinating field of research was born. Work over the ensuing 15 years led to a heuristic model for how PAG stimulation produces analgesia (Basbaum & Fields 1978 . Briefly, this model holds that cells in PAG project primarily to RM cells that in turn send their axons to terminate in the spinal dorsal horn. When activated, RM neurons exert a net inhibitory effect on nociceptive sensory processing, presumably by inhibiting superficial and deep dorsal horn cells that receive primary afferent nociceptor input. This same system could be activated by exogenous administration or endogenous release of opioids.
THE MEDULLARY RAPHE AND VENTROMEDIAL RETICULAR NUCLEI
The medullary raphe and ventromedial reticular region includes three raphe and three reticular nuclei that provide a major projection to the spinal cord ( Figure 1 ). The nuclei of this region are indistinctly delineated on cytoarchitechtonic grounds (Taber et al 1960) . Further, the dendritic arbors of cells in these nuclei extend beyond the boundaries of their parent nuclei , Mason et al 1990 , Newman 1985 , Potrebic & Mason 1993 . Projections into the medullary raphe and ventromedial reticular region arise principally from the hypothalamus, notably the medial preoptic region, amygdala, midbrain PAG, and pontine parabrachial nuclei (Abols & Basbaum 1981 , Gang et al 1990 , Hermann et al 1997 , Holstege 1987 , Holstege et al 1985 , Murphy et al 1999 , Van Bockstaele et al 1991 . These afferents reach the cytoarchitechtonic domains of several of the medullary raphe and ventromedial reticular nuclei and extend into the dendritic domains of most neurons in the regional nuclei. In each of the medullary raphe and ventromedial reticular nuclei, both serotonergic and nonserotonergic neurons are found; cells of both populations contain a variety of neuropeptide cotransmitters such as substance P and thyrotropin-releasing hormone. Whereas cells in any one nucleus may provide the major input to one spinal region, there are at least some cells in the other nuclei that target that region as well. For instance, although the predominant projection to the thoracic intermediolateral cell column from this region arises from cells in nucleus paragigantocellularis pars lateralis (NRPGl), raphe pallidus (RP), and raphe obscurus (RO), many neurons in raphe magnus (RM) and nucleus reticularis magnocellularis (NRMC) also project strongly to the intermediate horn (Helke et al 1989 , Skagerberg & Bjorklund 1985 .
Just as the neurochemistry and anatomy of neurons in the medullary raphe and ventromedial reticular nuclei overlap, these cells' functions may also be indistinct. In support of the idea that the neurons throughout the medullary raphe and ventromedial reticular nuclei share common, overlapping functions, the electrophysiological characteristics of RM, RP, and NRMC cells are often indistinguishable. Furthermore, inactivation of more than one of these medullary nuclei is needed to block descending pain-modulatory effects (Sandkühler & Gebhart 1984 , Urban & Smith 1994 . These data suggest that neurons in different regional nuclei contribute to a common spinal modulatory function, albeit with differing emphases (Taber et al 1960) . To understand the function of cells in any one of these nuclei, it is thus critical to consider those neurons in the context of the cells in neighboring nuclei. Therefore, although this review will concentrate on RM and NRMC cells, information regarding RP, RO, NRPGl, and parapyramidal raphe (PPR) cells will also be considered. Photomicrographs of the ventromedial medulla at four rostrocaudal levels (level relative to interaural zero is listed above each section). The medullary raphe consists of the rostrally located raphe magnus (RM), the ventrally located raphe pallidus (RP), and the dorsally located raphe obscurus (RO; not illustrated) (Kruger et al 1995 , Newman 1985 , Taber et al 1960 . At the most anterior level illustrated (−1.4 mm), the rostral RM remains, but RP is no longer present. Caudally, at the level of the inferior olives RP is present but RM is not. The reticular region overlying the pyramids, lateral to RM and RP, is the nucleus reticularis magnocellularis [NRMC; referred to as nucleus reticularis gigantocellularis pars alpha by Paxinos & Watson (1986) , but defined as NRMC by Kruger et al (1995) , Newman (1985) , and Taber et al (1960) ]. Lateral to the pyramids the most ventral region is termed the parapyramidal region (PPR) (Helke et al 1989 , Sasek & Helke 1989 . Dorsal to the PPR the nucleus paragigantocellularis pars lateralis (NRPGl) extends from the middle level of the inferior olive to the level of the trapezoid body (Andrezik et al 1981) .
The anatomy and the physiological effects evoked by activation of medullary raphe and ventromedial reticular neurons have implicated these cells in two major types of functions. First, activation of neurons in RM and NRMC modulates dorsal horn nociceptive sensory processing. Second, neurons in RP, RO, NRPGl, and the PPR have been implicated in efferent autonomic control and modulation of both sympathetic and parasympathetic targets. For example, projections from raphe cells to the thoracolumbar intermediolateral cell column are implicated in the sympathetic control of physiological functions such as brown adipose metabolism and cutaneous vasoconstriction (see medullary raphe and temperature regulation section below). Projections from reticular cells to the sacral intermediate and ventral horns are implicated in the modulation of autonomic and somatomotor components of sexual climax. This chapter reviews evidence for the participation of RM and NRMC in nociceptive modulation and in selected forms of autonomic regulation in the rat. A possible scenario that merges the at-first-glance, disparate functions of the medullary raphe is then considered.
Compared to the body of anatomical, microstimulation, and pharmacological studies on medullary raphe and ventromedial reticular neurons, electrophysiological studies are far less numerous and principally include recordings from sites in and immediately around RM and RP. Most electrophysiological experiments have focused on the relationship between cell discharge and a single physiological variable, thereby coercing researchers' interpretations of cell function towards dedicated, and away from integrative, roles. Furthermore, most nonpharmacological manipulations employed in electrophysiological studies challenge homeostasis and thus elicit a panoply of behavioral effects in addition to the one or two being measured. For instance, most electrophysiological studies that use noxious stimulation use the latency of the evoked motor withdrawal as the behavioral measure, although changes in vasomotion, blood pressure, heart rate, hormone secretion, and cortical activity may occur concurrently. Because painful and homeostasischallenging stimuli unavoidably elicit pleiotropic effects, it is especially important to consider that cell discharge may be related directly to variables that are not being measured and only secondarily to the measured variable.
DESCENDING PROJECTIONS OF THE MEDULLARY RAPHE AND VENTROMEDIAL RETICULAR REGION
Understanding the function of a neuron or group of neurons in the mammalian central nervous system is best accomplished by integrating information about the efferent trajectory of the cells and the physiological effects evoked by their activation. Afferent input and a cell's pattern of discharge are extremely useful pieces of information, but they are more indicative of the conditions under which the cell becomes engaged or disengaged than of its output function. Understanding the function of neurons in the medullary raphe and ventromedial reticular region is further complicated by the anatomical, neurochemical, and physiological heterogeneity of these cells. The work of discerning the specific projection patterns of and effects evoked by functionally distinct, but anatomically intermingled, neuronal subpopulations presents a major challenge.
The primary efferent target of cells in all nuclei of the medullary raphe and reticular region is the spinal cord (Basbaum et al 1978 , Brodal et al 1960 , Holstege & Kuypers 1982 , Watkins et al 1980 . Few neurons project rostrally, and those that do are concentrated dorsally and rostral to the facial nucleus. Because relatively less is known about the projections from medullary raphe and reticular neurons to lower brainstem regions, projections to the spinal cord at all segmental levels are the focus of this section. Surprisingly, the percentage of all medullary raphe and ventromedial reticular neurons that project to the spinal cord is unknown. There is a general topographical organization to the spinal projections of medullary raphe and ventromedial reticular neurons (Basbaum & Fields 1979 , Skagerberg & Bjorklund 1985 . Rostrally located RM, NRMC, and NRPGl cells tend to project through the dorsolateral funiculus and target the dorsal horn (Kwiat & Basbaum 1992) . Cells in rostral RO and RP project through the middle of the lateral funiculus and target the intermediate horn, including the intermediolateral cell column. Finally, cells in caudal RP and RO project through the ventrolateral and ventral funiculi to target the ventral horn.
Early axonal-tract tracing studies in both cat and rat emphasized RM and NRMC projections to the dorsal horn, via the dorsolateral funiculus, but reported at least sparse terminals in all other regions of the spinal gray (Basbaum & Fields 1979 , Holstege & Kuypers 1982 . In addition to the superficial dorsal horn, the deep dorsal horn, the intermediolateral cell column, and the central canal region also receive dense innervation from RM neurons (Antal et al 1996 , Bullitt & Light 1989 , Jones & Light 1990 . Retrograde transport studies confirm that neurons in RM and NRMC project to the thoracic intermediolateral cell column, the central canal region, and even to the ventral horn (Du 1989 , Masson et al 1991 , Sasek et al 1990 . Unfortunately, these studies cannot distinguish between projections to different cell types present in the same region, such as ventral horn motoneurons and neighboring interneurons.
Results obtained using transneuronal retrograde transport of viruses, principally pseudorabies, have provided new information regarding the specific cell types targeted by medullary raphe and reticular neurons. In rat pseudorabies virus is preferentially taken up by sympathetic and parasympathetic terminals and more weakly by somatic motoneuron endings (Rotto-Percelay et al 1992, Strack et al 1989a,b) . The virus is then retrogradely transported and exocytosed at sites of synaptic contact, where it is endocytosed by the presynaptic terminal and so on (Card et al 1993) . Because virus-labeled cells are rarely observed in the dorsal root ganglia (Strack et al 1989b) and the pattern of labeling in the dorsal horn is unaffected by dorsal rhizotomies (Rotto-Percelay et al 1992) , pseudorabies virus does not appear to be well transported by sensory afferents in the rat. Thus, dorsal horn cells are most likely to acquire virus retrogradely from their postsynaptic targets. In sum, the pseudorabies virus technique is a powerful way to retrogradely trace oligosynaptic connections to specific peripheral targets.
RM, RP, NRMC, and NRPGl cells are consistently labeled when virus is injected into most autonomic target tissues including the bladder, heart, and penis (Marson 1997 , Marson et al 1993 , Ter Horst et al 1996 . Both sympathetic and parasympathetic pathways from medullary cells to target tissues have been demonstrated by injecting virus into selectively innervated structures such as the kidney, adrenal medulla, or lung (Hadziefendic & Haxhiu 1999 , Haxhiu et al 1993 , Huang & Weiss 1999 , Schramm et al 1993 , Strack et al 1989a . The specific pathway involved has been confirmed by combining virus injections with lesions of either parasympathetic or sympathetic nerves or tracts (Gerendai et al 1998 , Hadziefendic & Haxhiu 1999 . The timing of the appearance of virus within medullary cells suggests that whereas some medullary cells directly innervate the second order preganglionic neuron, others innervate either spinal interneurons (pre-preganglionic neurons) or raphe-spinal cells and are therefore fourth order (Cano et al 2000) .
RM neurons are labeled after virus injection into the kidney, bladder, uterus, pancreas, colon, spleen, lung, ovaries, penis, interscapular brown adipose tissue, ventral tail artery, adrenal medulla, or pterygopalatine ganglion (Bamshad et al 1999 , Ding et al 1993 , Gerendai et al 1998 , Hadziefendic & Haxhiu 1999 , Marson 1997 , Papka et al 1998 , Sly et al 1999 , Smith et al 1998 , Strack et al 1989b , Valentino et al 2000 , Vizzard et al 1995 . The strikingly consistent finding that RM cells project to most autonomic targets raises the question of whether RM cells diverge to innervate multiple autonomic targets. To address this issue, Loewy and colleagues injected two different virus strains into the stellate ganglion and the adrenal medulla (Jansen et al 1995) . They observed both double-and single-labeled cells in the medullary raphe and reticular region. The existence of double-labeled cells is very interesting because it raises the possibility that single medullary cells modulate multiple different neuronal populations. If such divergence were common among spinally projecting neurons, a minority of raphe and reticular cells could account for the bulk of the efferent connections. Alternatively, several different medullary cell populations may exist, each innervating a restricted subset of spinal targets (see further discussion of this issue in anatomical divergence section below). At present, there are no data to distinguish between these two possibilities.
The technique of transneuronal retrograde virus transport has also been used to study the brainstem control of somatic motoneurons (Billig et al 1999 , Daniels et al 1999 , Fay & Norgren 1997a -c, Marson & McKenna 1996 , Rotto-Percelay et al 1992 . At early survival times, virus labeled cells are present in known pre-motor areas. With longer survival times, during which virus traverses an unknown number of synapses (likely ≥2), many cells, including medullary raphe and ventromedial reticular neurons, are labeled, regardless of the specific muscle injected. It is possible that medullary raphe and reticular neurons are labeled because the virus is taken up by sympathetic terminals present in skeletal muscle and then transported retrogradely through sympathetic control pathways (Rotto-Percelay et al 1992) .
However, this is unlikely because similar patterns of labeling are observed after injection of virus into the striated muscle of either sympathectomized or control animals (Fay & Norgren 1997a-c) .
Although a monosynaptic connection between RM and dorsal horn cells has been emphasized, the results presented above strongly suggest that medullary raphe and reticular cells, including RM and NRMC neurons, project to preganglionic autonomic neurons via monosynaptic and disynaptic routes (Bacon et al 1990) . RM and NRMC neurons may also influence somatic motoneurons, probably via projections to central pattern generator neurons or other interneurons. The relative preponderance of RM and NRMC cell projections to the dorsal, intermediate, and ventral horns is unclear and is a difficult question to address experimentally. It is notable, in this regard, that no RM or NRMC cells were labeled after very small tracer injections into any portion of the dorsal horn, although cells were labeled after similarly sized injections into the central canal region, an area that contains pre-preganglionic as well as premotoneuronal interneurons (Du 1989) .
SEROTONERGIC AND NONSEROTONERGIC COMPONENTS OF THE RAPHE-SPINAL PROJECTION
Controversy exists regarding the proportions of serotonergic and nonserotonergic medullary raphe and ventromedial reticular cells that project to the spinal cord. Bowker and colleagues reported that up to 85% of the raphe-spinal neurons are serotonergic and up to 90% of the serotonergic raphe cells project to the spinal cord (Bowker & Abbott 1990) . Other reports suggest that well under half of the spinal projecting neurons are serotonergic and that 30-60% of medullary serotonergic raphe cells project to the spinal cord (Jones & Light 1992 , Skagerberg & Bjorklund 1985 . The discrepancies are likely due to differences in the anatomical regions studied and in the transport efficiency of the different retrograde tracers used. Regardless of the precise numbers, there is now no doubt that the descending projection from the medullary raphe and ventromedial reticular nuclei includes serotonergic and nonserotonergic neurons, both of which are likely to be functionally important. This is true not only of the spinally projecting neurons as a whole but also of the dorsal horn-projecting neurons that travel through the dorsolateral funiculus. This latter projection is primarily nonserotonergic (Johannessen et al 1984 , Kwiat & Basbaum 1992 but contains most of the serotonergic axons that innervate the dorsal horn (Bullitt & Light 1989 ). Pharmacological and physiological studies implicate both serotonergic and nonserotonergic mechanisms in the efferent effects evoked by medullary stimulation (reviewed in .
Virtually all of the spinal serotonin derives from neurons in RM, RP, RO, ventral NRMC, PPR, and NRPGl, with mesencephalic cells making only a very small contribution to cord serotonin (Oliveras et al 1977 , Skagerberg & Bjorklund 1985 . Like undifferentiated medullary raphe and ventromedial reticular cell terminals, serotonergic axons within the spinal cord are found in all spinal laminae and at all segmental levels. Serotonergic terminals are present on spinothalamic tract cells, preganglionic sympathetic and parasympathetic neurons, and somatic motoneurons (Appel et al 1987 , Helke et al 1986 , Wu et al 1993 , Wu & Wessendorf 1992 . Both serotonergic and nonserotonergic medullary cells are labeled after pseudorabies injections into autonomic and motor targets (Haxhiu et al 1993; Huang & Weiss 1999; Jansen et al 1995; Loewy et al 1994; Marson et al 1993; Smith et al 1998; Spencer et al 1990; Strack et al 1989a,b) . A lesion study in two cats demonstrated that partial lesions of RM decrease serotonin levels in the superficial dorsal horn, the central canal region, and the ventral horn of the lumbar cord (Oliveras et al 1977) . Yet the relative targeting by serotonergic cells in different medullary locations of different terminal fields in the spinal cord remains unclear. Unfortunately, the most straightforward approach to understanding which spinal targets are specific to which serotonergic cells-immunostaining anterogradely labeled axons-has failed for technical reasons (Jones & Light 1990) , leaving this issue unresolved.
RAPHE MAGNUS AS A PAIN MODULATORY CENTER
Early studies leading to the idea that raphe magnus (RM) and nucleus reticularis magnocellularis (NRMC) are critical to descending pain modulation have been reviewed (Basbaum & Fields 1978 Sandkühler 1996; Willis 1988) and are only summarized here. RM was initially identified as critical to periaqueductal gray (PAG) stimulation-evoked pain modulation because (a) the effects of PAG stimulation are observed within the dorsal horn, (b) few PAG or adjacent dorsal raphe cells project to the cervical cord and virtually none to the lumbar cord, (c) PAG cells project strongly to RM, (d ) RM cells project strongly to the dorsal horn via the dorsolateral funiculus, (e) RM stimulation produces similar effects on nociceptive withdrawals and on nociceptive dorsal horn neurons as does PAG stimulation, and ( f ) RM or dorsolateral funiculus lesions attenuate PAG-evoked antinociceptive effects. Early studies identified NRMC as an equally likely relay for descending antinociceptive pathways as was RM. The presence of opioid peptides and receptors in RM and NRMC led to the idea that RM and NRMC neurons are as critical to opioid-mediated forms of nociceptive modulation as they are to PAG stimulation-evoked nociceptive modulation.
In the past decade it has became clear that endogenous pathways can either inhibit or facilitate pain. RM and NRMC stimulation can either suppress or facilitate nociceptive dorsal horn cells and nociceptive reflexes (Zhuo & Gebhart 1990 , whereas lesioning or inactivation of the RM and NRMC attenuates both the suppression and the facilitation of nociceptive transmission (Behbehani & Fields 1979 , Gebhart et al 1983 , Kaplan & Fields 1991 , Sandkühler & Gebhart 1984 . These results led to the idea that RM contains two populations of neurons that, when activated, have opposing efferent effects . One population of cells was hypothesized to mediate nociceptive inhibition such as that evoked by morphine, whereas activation of a distinct neuronal population was thought to mediate nociceptive facilitation such as that evoked during naloxone-precipitated opioid withdrawal (Deakin & Dostrovsky 1978 , Kaplan & Fields 1991 .
In 1983 Howard Fields identified two physiological classes of putative nociceptive modulatory cells in RM and NRMC (Fields et al 1983a) . Subsequent work, reviewed below, led to the idea that these two cell types-ON and OFF cellsmediate nociceptive facilitation and inhibition, respectively. Some skepticism has greeted the attribution of fundamental and far-reaching functions to ON and OFF cell types that are defined by a very simple physiological criterion (see original description section below). Yet as described below, the ON and OFF cell classification system is robust in the sense that several physiological properties, examined after the original description of ON and OFF cells, differ according to class membershipbeing one way for OFF cells and another way for ON cells. Both ON and OFF cells are nonserotonergic (Gao & Mason 2000 , Mason 1997 , Potrebic et al 1994 . Serotonergic neurons within RM and NRMC comprise a distinct physiological and functional class of neurons (Gao & Mason 2000 , Mason 1997 ). In the sections below, the physiology and possible function of ON, OFF, and serotonergic cells in pain modulation are described.
ON AND OFF CELLS AND NOCICEPTIVE MODULATION

Original Description
RM OFF cells were originally defined in the lightly anesthetized rat by the pause in their discharge just prior to the initiation of a tail flick withdrawal (Fields et al 1983a) . The tail heat-evoked inhibition was reported to be "steeper" when aligned to the flick than when aligned to a specific tail temperature. These response properties were interpreted as evidence that OFF cells gate motor withdrawals and that a cessation of their discharge is a requirement for the occurrence of nocifensive withdrawals. Subsequent studies have shown that OFF cells discharge continuously, rather than in bursts, after analgesic doses of µ opioid receptor agonists are administered systemically, by microinjection into the PAG, RM, or intrathecally (Barbaro et al 1986 , Cheng et al 1986 , Fields et al 1983b , Heinricher & Drasner 1991 , Heinricher et al 1992 , 1994 . This increase in OFF cell discharge is associated with tail flick suppression and has been interpreted as evidence that OFF cells are the RM and NRMC cell type whose activation leads to an inhibitory effect on nociceptive transmission.
From the outset, the role of RM ON cells in modulating nociceptive transmission has been harder to discern than that of OFF cells. In particular, it has been difficult to distinguish between a nociceptive-permissive and a nociceptive-facilitatory function for ON cell discharge. ON cells are excited by noxious stimulation and inhibited by µ opioid receptor agonists (Barbaro et al 1986 , Cheng et al 1986 , Fields et al 1983a , Heinricher et al 1992 . Evidence for a facilitatory role comes from a study of RM cell discharge during the tail flick hyperalgesia (i.e. reduction in tail flick latency; see Kaplan & Fields 1991 ) that accompanies naloxone-precipitated morphine withdrawal (Bederson et al 1990) . The absolute activity averaged over 3 s for 7 ON cells was inversely correlated to the tail flick latency recorded concurrently. Because OFF cells were mostly inactive during both baseline and hyperalgesic periods, the decrease in tail flick latency was attributed to the correlated increase in ON cell discharge (Bederson et al 1990) .
The idea that ON cells actively facilitate nociceptive responses has recently been challenged. Microinjection of kynurenate, a nonselective excitatory amino acid receptor antagonist, into RM blocks the heat-evoked excitation of ON cells, has no effect on the heat-evoked OFF cell inhibition, and does not change tail flick latency (Heinricher & McGaraughty 1998) . In contrast, kynurenate microinjection suppresses systemic morphine's excitation of OFF cells, has no effect on morphine's inhibition of ON cells, and attenuates morphine's suppression of the noxious heatevoked tail flick response (Heinricher et al 1999) . Thus, modification of the tail flick withdrawal is associated with kynurenate-mediated changes in OFF, but not ON, cell discharge. These results suggest that changes in ON cell discharge alone do not alter the tail flick latency.
Do OFF Cells Suppress Nociceptive Withdrawals?
To understand the function of OFF cells, it is worthwhile to consider nociceptive responses during "spontaneous" periods of OFF cell discharge. This issue has been examined in both the anesthetized and unanesthetized rat. In the anesthetized rat ON and OFF cells discharge in bursts that are reciprocally timed such that OFF cells are active when ON cells are silent and inactive when ON cells discharge (Barbaro et al 1989) . The tail flick occurs during both ON and OFF cell bursts (Heinricher et al 1989) . In the unanesthetized rat, despite OFF cell discharge during slow wave sleep, animals continue to withdraw from noxious stimulation (Leung & Mason 1999 ). These situations, in which nociceptive withdrawals continue to occur despite OFF cell activity, imply at a minimum, that OFF cell discharge is not sufficient to completely suppress nociceptive withdrawals. Additionally, these results raise the possibility that OFF cell discharge does not cause the suppression of nociceptive transmission but rather reflects it. According to this possibility, OFF cells, which are inhibited by somatic stimulation, would be disinhibited when spinal nociceptive transmission is suppressed by PAG stimulation, opioid administration, or any other means. Just as OFF cell activity may result from rather than cause changes in nociception, ON cell discharge may be directly related to activity in ascending somatic pathways. In support of this idea, decreasing ascending input from spinal sensory pathways, by administration of intrathecal lidocaine, activates OFF cells and inhibits ON cells (Heinricher & Drasner 1991) .
Although it is unlikely that coordinated OFF cell discharge alone can completely suppress nociceptive withdrawals, it may contribute to the inhibition of the tail flick. In support of this idea, the tail flick occurs at a slightly longer latency (0.4-0.7 s) when tail heat is applied at the peak of an OFF cell burst or during ON cell silence than during an OFF cell silence or ON cell burst (Heinricher et al 1989) . Yet a causal relationship between ON and OFF cell discharge and changes in tail flick latency remains unproven, and other explanations of these data are possible. For instance, both ON and OFF cell discharge and nociceptive sensitivity change in concert with blood pressure. ON cells burst during spontaneous decreases in blood pressure, and OFF cells burst during spontaneous increases (Leung & Mason 1996) . In normotensive rats and humans nociceptive sensitivity decreases during periods of elevated blood pressure (Ghione 1996). Therefore, it is possible that hypertension inhibits ascending nociceptive transmission, via effects on peripheral or spinal neurons, which in turn leads to an increase in OFF cell activity. Alternatively, because the mechanism of hypertension-associated hypoalgesia is unclear and may even involve OFF cells, the possibility remains that OFF cell activity both contributes to and reflects changes in nociceptive transmission.
ON and OFF Cells: Function in Stimulus-Evoked Arousal?
If ON and OFF cells do not have a major impact on nociceptive withdrawals, then what other effects could they have? One clue comes from the dynamics of ON and OFF cell responses to noxious stimulation. In anesthetized rats, ON and OFF cell responses can begin after the initiation of the motor withdrawal but always continue after withdrawal completion-typically for an additional minute or more (Leung & Mason 1998 ). Thus, the motor withdrawal is complete within 10 s, whereas the noxious-evoked responses of ON and OFF cells have a time course of tens of seconds or minutes (Figure 2 ). In both anesthetized and unanesthetized, sleeping animals, noxious stimulation elicits changes in blood pressure, heart rate, and vasomotion and a decrease in synchronized electroencephalographic (EEG) delta band activity that last for tens of seconds to minutes (Blessing & Nalivaiko 2000 , Grahn & Heller 1989 , Mason et al 2001 . In unanesthetized, awake rats noxious stimulation elicits an increase in cardiovascular measures and has no obvious effect on the already desynchronized EEG, but evokes an increase in exploration that lasts for minutes. These data demonstrate that the time course of ON and OFF cell responses to noxious stimulation is similar to that of cardiovascular and EEG state changes evoked by noxious stimulation.
Another clue to the functions of ON and OFF cells comes from an analysis of how these cells are activated under natural conditions. From the limited number of recordings of ON and OFF cells in unanesthetized rats, two features stand out. First, ON and OFF cell activity in the unanesthetized rat is state dependent. ON cells are most active during paradoxical sleep, active during waking, and silent during slow wave sleep, whereas OFF cells are most active during slow wave sleep, only sporadically active during waking, and silent during paradoxical sleep (Leung & Mason 1999) . Because paradoxical sleep and waking are both marked by cortical arousal but have opposite levels of motor activity, cortical state, rather than motor activity, appears to be the critical factor in determining ON spontaneous discharge. These results are consistent with observations in lightly anesthetized rats that RM cell discharge changes only when the cortical "state" changes as occurs in response to noxious stimulation or body warming (Grahn & Heller 1989) .
The state-dependent discharge of ON and OFF cells makes it likely that the target of ON and OFF cell modulation changes in a state-dependent manner. In this light, it is interesting to consider how behavioral responses to noxious stimuli are modulated across sleep/wake cycles. In humans thermal stimuli that are judged moderately painful during waking fail to awaken subjects from slow wave sleep, and the occurrence of these stimuli is not remembered upon awakening in the morning (Drewes et al 1997 , Lavigne et al 2000 . Although such thermal stimulation often evokes brief (<30 s) EEG changes, these changes do not represent full arousals (Lavigne et al 2000) . Similarly, in rats noxious heat applied during slow wave sleep elicits short periods of EEG desynchronization and occasionally a postural shift, but rats soon return to the synchronized EEG pattern of slow wave sleep (Leung & Mason 1999 , Mason et al 2001 . In contrast to the brief and limited response during slow wave sleep, rats respond to noxious heat applied during waking by exploring the scene of the insult for several minutes (Mason et al 2001) . The muted arousal evoked by a single painful stimulus applied during slow wave sleep may be an important homeostatic mechanism for ensuring that sufficient time is spent in the slow wave sleep state. In contrast, the exploration evoked by noxious stimulation applied during waking may help an animal identify a nearby attack threat and learn the cues associated with danger in order to avoid potentially injurious situations in the future. It should be noted that ethical considerations do not permit the application of intensely noxious or frankly damaging stimuli to either humans or animals. Yet one can imagine that such stimuli fully arouse an animal, regardless of whether the animal is asleep or awake.
The second notable feature of ON and OFF cell activity in the unanesthetized rat is that ON cells are excited by and OFF cells inhibited by innocuous auditory and somatic stimuli (Leung & Mason 1999; Oliveras et al 1989 Oliveras et al , 1990 ). ON and OFF cells respond to innocuous stimuli at least as strongly as to noxious stimulieven though innocuous stimuli do not evoke a motor withdrawal. These results reinforce the idea that ON and OFF cell discharge modulates something other than the motor withdrawal from noxious stimulation. Like noxious stimulation, unexpected innocuous stimuli evoke brief microarousals when presented during slow wave sleep and an alerting response when presented during waking. Therefore, the statedependent discharge of ON and OFF cells may modulate the arousal evoked by unexpected external stimuli, noxious or innocuous. External events-sound, touch, cool, warmth, sudden movement across the visual field-can represent signs of impending attack or threat to the body's homeostasis just as frankly noxious stimuli do. The responses of ON and OFF cells to innocuous but unexpected stimuli in the unanesthetized rat may then be interpreted as evidence that ON and OFF cell function is fundamentally concerned with "safety" rather than pain per se.
If stimulus-evoked arousals are a primary target of ON and OFF cells, then one would predict that OFF cell discharge suppresses stimulus-evoked arousals, whereas ON cell discharge facilitates stimulus-evoked alerting. Consistent with this idea, bicuculline microinjection into RM, which disinhibits OFF cells (Heinricher & Tortorici 1994) , blocks the EEG desynchronization evoked by noxious paw heat in anesthetized rats (Nason & Mason 2000 ). Yet medullary raphe and ventromedial reticular neurons, caudal to the level of the facial genu, do not project to the cerebral cortex or basal forebrain (Hermann et al 1996 , Martin et al 1985 , Vertes 1988 . Therefore, if RM and NRMC cells influence cortical state they are most likely to do so by modulating the sensory input to forebrain circuits that determine behavioral state. Interneurons projecting to tail motoneurons are a separate population of neurons from lumbar neurons that project to the ventrobasal thalamus, supporting the idea that rostrally projecting spinal neurons can be targeted independently of spinal neurons controlling motor withdrawal (Jasmin et al 1997) . Furthermore, stimulation of flexor reflex muscle afferents during slow wave sleep elicits a flexion reflex but not cortical arousal (Giaquinto et al 1964) , physiological evidence for a distinction between motor-and cortical-alerting spinal neurons.
In summary, the primary target of ON and OFF cell modulation is unlikely to be noxious stimulus-evoked motor withdrawals. Instead, recent evidence favors the idea that one modulatory target of ON and OFF cells is the pathway from the spinal dorsal horn to forebrain areas involved in controlling state. Because ON and OFF cells respond to innocuous stimuli in the same way as they do to noxious stimuli, it is possible that the arousal evoked by any sensory input, not only nociceptive input, is modulated by the medullary raphe. Indeed, bicuculline microinjection into RM shortens the microarousal evoked by a brief air puff applied during slow wave sleep (Foo & Mason 2000) . By modulating ascending sensory neurons, ON and OFF cells may influence the salience that external stimuli achieve and thereby the resulting state of the animal.
SEROTONERGIC CELLS IN THE MEDULLARY RAPHE AND VENTROMEDIAL RETICULAR NUCLEI
The caudal raphe group includes medullary serotonergic neurons, whereas the rostral raphe group includes dorsal and median raphe cells in the pons and midbrain (Taber et al 1960) . Serotonergic neurons in the caudal and rostral raphe groups discharge slowly and steadily in a state-dependent manner and share common pharmacological profiles (Jacobs & Azmitia 1992) . Although these two groups of serotonergic cells are similar in these ways, they have different efferent projections. Serotonergic cells in the caudal group project caudally to the lower brainstem and spinal cord, whereas those in the rostral group project rostrally to the diencephalon and telencephalon. There are also physiological differences between serotonergic cells located in different nuclei. For instance, cells in raphe pallidus (RP), but not in dorsal raphe, are activated when the animal is placed in a cold environment (Martin-Cora et al 2000) . Therefore, data gathered from study of rostral serotonergic cells should be considered, but may not always apply, when trying to understand the function of caudal serotonergic cells.
Physiological Identification of Serotonergic Cells
In evaluating electrophysiological studies on the function of medullary serotonergic cells, it is important to appreciate the methods by which serotonergic cells have been identified physiologically. Aghajanian and colleagues have accumulated a wealth of evidence that serotonergic cells in the rat dorsal raphe have long-duration action potentials, a slow and regular discharge pattern, and are sensitive to 5HT-1A receptor agonists (Aghajanian et al 1968 , Aghajanian & Vandermaelen 1982 , Vandermaelen & Aghajanian 1983 , Wang & Aghajanian 1982 . Subsequent investigators working in other raphe regions in the cat have then proposed, by analogy to rat serotonergic dorsal raphe neurons, that cells with long-duration action potentials and a slow and regular discharge pattern are serotonergic (Auerbach et al 1985 , Fornal et al 1985 , Martin-Cora et al 2000 , Trulson & Jacobs 1979 . Others have considered neurons whose conduction velocities are within a specified low range to be serotonergic (Chiang & Gao 1986 , Wessendorf & Anderson 1983 , Wessendorf et al 1981 .
More recently, medullary serotonergic neurons have been positively identified by combining intracellular labeling with immunocytochemistry for either serotonin or tryptophan hydroxylase, the synthesizing enzyme for serotonin (Bayliss et al 1997; Gao et al , 1998 Gao & Mason 2000; Li & Bayliss 1998a,b; Mason 1997 ). The conclusion from these studies is that serotonergic neurons in RM, RP, and raphe obscurus (RO), both in vivo and in vitro, discharge slowly and steadily but not necessarily regularly (Figure 3) . Thus, most cells that are qualitatively identified as serotonergic cells by virtue of their slow and regular discharge are likely to contain serotonin. However, there may be a population of slowly and irregularly firing serotonergic cells that are mistakenly presumed to be nonserotonergic and therefore are not studied.
Serotonergic Cells and Antinociception
Although serotonergic neurons comprise a minority of the cells in the rat medullary raphe and ventromedial reticular nuclei (Dahlstrom & Fuxe 1964 , Moore 1981 , Potrebic et al 1994 , Steinbusch 1981 , they are the source of serotonin in the spinal cord (Dahlstrom & Fuxe 1964 , Oliveras et al 1977 . Early experiments that led to the idea that serotonin is an important mediator of descending antinociception have been summarized previously (LeBars 1988 , Sawynok 1989 . Briefly, these experiments provide evidence that (a) serotonergic cells in the medullary raphe project to the superficial dorsal horn, (b) iontophoretic application of serotonin inhibits the responses of dorsal horn cells to noxious stimulation (Belcher et al 1978 , Jordan et al 1978 , Randic & Yu 1976 , (c) intrathecal administration of serotonin attenuates nociceptive withdrawals (Yaksh & Wilson 1979) , and (d ) intrathecal administration of serotonin receptor antagonists attenuates the antinociception evoked by RM activation (Barbaro et al 1985 , Hammond & Yaksh 1984 , Jensen & Yaksh 1984 . Because the decrease in tail flick latency evoked by nucleus reticularis magnocellularis (NRMC) stimulation is also attenuated by intrathecal methysergide (Zhuo & Gebhart 1991) , medullary serotonergic cells may contribute to nociceptive modulation in the facilitatory as well as inhibitory direction.
Physiological studies of both presumed (by indirect means) and identified (by immunocytochemistry) serotonergic cells do not provide support for the MASON Figure 3 Rate and regularity of discharge are used to distinguish serotonergic from nonserotonergic RM and NRMC cells. Rate is defined as the mean interspike interval and regularity is defined as the coefficient of variation of the interspike interval. These discharge characteristics are shown for cells containing serotonin-immunoreactivity (filled symbols) and for those that lack serotonin-immunoreactivity cells (open symbols). The original study of 46 cells was used to calculate a discriminant function that distinguishes serotonergic from nonserotonergic cells (Mason 1997) . Cells that have been labeled subsequently comprise a cohort of "test" cells. Cells with discharge rates <0.4 impulses/s are not included in this graph. A line representing the discriminant function defines the optimal linear boundary between serotonergic and nonserotonergic cells and is illustrated on this same graph.
participation of serotonergic cells in descending antinociception. Morphine can suppress the tail flick in the absence of any change in serotonergic cell discharge (Auerbach et al 1985 , Chiang & Pan 1985 or release of serotonin (Chiang & Xiang 1987 , Matos et al 1992 . Similarly, PAG stimulation suppresses tail flick withdrawal without exciting serotonergic RM cells .
Finally, stimulation in RM produces antinociception without coincident release of serotonin (Sorkin et al 1993) . Although these data demonstrate that an increase in the discharge of serotonergic RM cells is not necessary for stimulation-evoked or opioid antinociception, the sensitivity of descending antinociception to serotonin receptor antagonists suggests that tonically released serotonin contributes to antinociception.
Serotonergic Cells and State-Related Pain Modulation
As is true for noradrenergic and histaminergic cells, serotonergic cells have statedependent discharge. The specific pattern of discharge across sleep/wake cycles varies for serotonergic neurons located in different medullary nuclei. Serotonergic RM cells discharge at their highest rates during alert waking, at progressively decreasing rates during quiet waking and slow wave sleep, and are often nearly silent during paradoxical sleep (Fornal et al 1985) . Serotonergic RP and RO cells discharge at slightly decrementing but nearly constant rates across waking and slow wave sleep states and at significantly lower rates during paradoxical sleep (Heym et al 1982; C Fornal, personal communication) . Extracellular serotonin levels largely follow reported serotonergic cell discharge rates, being highest during waking and lowest during paradoxical sleep (Wilkinson et al 1991) . However, serotonin levels do not go to zero during paradoxical sleep, perhaps because of the brief duration and intermittent nature of paradoxical sleep episodes (Iwakiri et al 1993) .
Serotonergic RM cells fail to respond to most stimuli unless the stimuli evoke a change in the sleep/wake state. For instance, when dilute formalin is injected into the paw, animals become extremely agitated and shake and lick the injected paw. During this reaction the discharge rate of serotonergic RM cells does not exceed the typical active waking discharge rate (Auerbach et al 1985) . This strong dependence of discharge upon behavioral state suggests that serotonergic RM cells may function to modulate target processes in a state-related manner. Because medullary serotonergic cells do not discharge in relation to either sleep spindles or pontogeniculate-occipital waves and do not project to the forebrain (Fornal et al 1985 , Heym et al 1982 , Martin et al 1985 , they are most likely to exert their modulatory effects on spinal neurons. The primary effect of serotonin on nociceptive dorsal horn neurons and nocifensive movements is inhibitory (Yaksh & Wilson 1979) . Therefore, during waking, when serotonergic cell discharge is highest, high levels of serotonin in the dorsal horn would be expected to suppress nociceptive transmission. During slow wave sleep, when serotonergic cell discharge is greatly reduced, lowered levels of serotonin in the dorsal horn would be expected to result in a relative decrease in the suppression of nociceptive transmission that would appear as a disinhibition.
What aspect of nociceptive transmission is modulated by medullary serotonergic cells? As explained above, we expect the target of serotonergic cell modulation to be relatively disinhibited during slow wave sleep compared with during waking. This pattern of response is shown by motor withdrawals from noxious stimulation. In rats, the paw withdrawal from noxious heat occurs more briskly during slow wave sleep than during waking (Mason et al 2001; cf. Kshatri et al 1998) . In cats, the amplitude of the jaw-opening reflex (a trigeminal withdrawal reflex) is greater during slow wave sleep than during waking (Chase 1970) . It is therefore possible that one target of serotonergic RM cell modulation is motor responsiveness to noxious stimulation.
MEDULLARY RAPHE AND NONPAIN MODULATORY FUNCTIONS
The electrophysiological data presented above provide correlational evidence that ON, OFF, and serotonergic cells could modulate various aspects of pain processing. Yet these data do not exclude the possibility that medullary raphe and ventromedial reticular neurons also play a role in autonomic modulation. Results from anatomical and microstimulation experiments also support the idea that the medullary raphe region contributes to autonomic control as well as to pain modulation. In lieu of evaluating the evidence for all of raphe's possible functions, I have chosen two exemplars-temperature regulation and the control of sexual climax-to discuss below.
The Medullary Raphe and Temperature Regulation
Activation of caudal raphe neurons stimulates thermoeffectors involved in heat production and skin vasomotion in anesthetized animals (Blessing et al 1999, Morrison 1999 , Rathner & McAllen 1999 . In rats cutaneous vasoconstriction is a primary mode of heat conservation. In addition to conserving body temperature, cutaneous vasoconstriction serves nonthermoregulatory functions such as distributing blood volume away from the body surface in response to a painful stimulus or during illness (Blessing 1997). Nonshivering heat production is largely accomplished by increasing the metabolic activity of brown adipose tissue, about a quarter of which is concentrated interscapularly (BAT-is). Direct excitation of RM neurons by glutamate microinjection elicits an increase in the activity of the vasoconstrictor nerves to the tail skin in most rats (Rathner & McAllen 1999) . Disinhibition of raphe neurons, by bicuculline microinjection, evokes an increase in the activity of sympathetic nerves to the BAT-is (Morrison 1999 . Although multiple sympathetically mediated effects, such as tachycardia and hypertension, accompany activation of BAT-is and tail vasoconstriction, renal and splanchnic nerve activity remain unchanged by raphe activation (Cao & Morrison 2000 , Morrison 1999 , Rathner & McAllen 1999 , evidence for a partially generalized sympathetic activation.
Morrison reports that RP is the most effective bicuculline microinjection site for activating BAT-is activity (Morrison 1999 . Yet effective sites are located in both RM and RP, which as described above, are arbitrarily delineated (Morrison 1999 , Nason & Mason 2000 . Furthermore, the efficacy of microinjections, particularly small ones such as those used in these studies, may be directly related to cell density. In this regard, the indistinct demarcation between RM and RP is best recognized by the change from a high cell density in RP to a low density in RM (Newman 1985 , Taber et al 1960 . The sites where stimulation evokes heat production are not even restricted to the medulla because electrical stimulation within the midbrain dorsal raphe evokes a 2
• C increase in BAT-is temperature relative to core temperature (Dib et al 1994) .
Modulation of Thermal Afference
The medullary raphe may affect temperature regulation through modulating thermal afferent information that reaches the hypothalamus. A small group of RM cells, concentrated in the dorsal and rostral edges of the nucleus, projects to the medial preoptic area, the hypothalamic center for temperature regulation (Hermann et al 1996 , Leanza et al 1991 , Murphy et al 1999 , Vertes 1988 . In rat small lesions of RM block the responses of hypothalamic neurons to changes in scrotal temperature, whereas lesions of the neighboring medial lemniscus have no such effect (Taylor 1982) . Because the lesions are electrolytic, it is possible that the observed suppression is actually a result of activating cells or axons by passing large currents in the RM. Nonetheless, the simplest interpretation of these data is that thermal afferents to the hypothalamus either pass through or synapse in RM. Consistent with the latter possibility, both serotonergic and nonserotonergic RM cells respond to innocuous changes of cutaneous temperature in the rat (Dickenson 1977 , Hellon & Taylor 1982 , McAllen et al 2000 , Young & Dawson 1987 . Because lesions of the rostral raphe nuclei, both dorsal and central, also block the responses of hypothalamic neurons to peripheral temperature changes (Werner & Bienek 1985 , neurons in rostral RM may comprise an accessory pathway to that arising from the rostral raphe nuclei. Finally, RM stimulation suppresses the responses of dorsal horn cells to innocuous changes in scrotal temperature (Sato 1993; cf. Dawson et al 1981) , raising the possibility of a descending route for modulation of thermoafferent input.
Modulation of Thermoregulatory Output
Recent evidence has emphasized a role for the medullary raphe in the modulation of efferent thermoregulatory pathways, more so than in the modulation of thermal afferent input to the hypothalamus. Muscimol microinjection into the medullary raphe blocks the increase in BAT-is nerve activity elicited by cooling the hypothalamus in anesthetized rats (Morrison 2000) . Similarly, RM inactivation, by lidocaine microinjection, compromises the thermoregulatory response to cooling the hypothalamus in awake rats (Berner et al 1999) . These data implicate the mono-and disynaptic projections from caudal raphe cells to preganglionic sympathetic neurons in the intermediolateral cell column in modulating the efferent limb of temperature regulation.
Pseudorabies virus experiments demonstrate that RM, RP, and NRMC neurons innervate sympathetic pathways that target the BAT-is and the ventral tail artery (Bamshad et al 1999 , Smith et al 1998 . The compound action potential recorded in BAT-is nerves after electrical stimulation of raphe is compelling physiological support for an efferent pathway from medullary raphe to the BAT-is via neurons in the intermediolateral cell column and sympathetic ganglia . Thus, medullary raphe neurons may serve as specific "premotoneurons" to relay cold information from the hypothalamus to heat-producing (BAT-is activation) and -conserving (tail vasoconstriction) effectors .
The preganglionic sympathetic neurons that innervate BAT-is and tail artery are centered in T2 and L1 segments, respectively. However, putative premotoneurons in a descending temperature-regulatory pathway are unlikely to project selectively to the intermediate horns of T2 and L1. Brown adipose tissue is present in areas other than interscapularly, most notably in the retroperitoneum, which receives its sympathetic innervation from lower thoracic spinal segments. Further, changes in cutaneous vasomotion involve correlated vasomotor activity in multiple regions that lack fur, regions that are innervated by preganglionic sympathetic neurons located in a number of spinal segments (Bini et al 1980 , Nalivaiko & Blessing 1999 , Smith & Gilbey 2000 . Therefore, medullary raphe neurons involved in the descending modulation of thermoregulation, like those involved in nociceptive modulation, would be expected to project to multiple spinal segments.
If the caudal raphe participates in cold defense by serving as an intermediary between the hypothalamus and peripheral sympathetic neurons, then raphe stimulation would be expected to evoke heat production and conservation, and raphe inactivation would be expected to attenuate autonomic responses that defend against the cold. Remarkably, large injections (1 µl) of lidocaine into the rostral pole of the rat RM elicit a rapid decline of 2
• C in body and hypothalamic temperature and a decrease in oxygen consumption and muscle activity (Berner et al 1999) . Similarly, inhibition of medullary raphe neurons by muscimol microinjection elicits a small increase in resting cutaneous blood flow, which would increase heat dissipation leading to a drop in core temperature (Blessing & Nalivaiko 2000 ). Yet electrical stimulation of RM also decreases body temperature, lowers metabolism, and inhibits shivering in hypothermic animals (Hinckel et al 1983) . Furthermore, after electrolytic RM lesions, both heat and cold challenges are more efficiently countered and therefore produce smaller changes in core temperature (Szelenyi & Hinckel 1987) . The confusing picture that emerges from these studies is likely due to the manipulation of a heterogeneous region such as the medullary raphe with gross stimulation and inactivation techniques that ignore physiological, anatomical, and pharmacological differences between cells. Perhaps the only conclusion to draw from these studies is that the medullary raphe can influence circuits that maintain temperature homeostasis.
Thermoregulatory homeostasis is maintained by making appropriate adjustments whenever the actual temperature deviates from a particular temperature, commonly referred to as the set-point. The set point is not a fixed temperature but is determined empirically as the temperature at which activity in thermal effectors is minimal. The range of temperatures that evokes a minimum of thermoregulatory responses has been termed the thermoneutral zone (Satinoff 1978) . If the lower limit of the thermoneutral zone is shifted toward a warmer temperature, cold defense effectors will be activated-assuming that ambient temperature is below the lower limit of the thermoneutral zone, as is almost always the case. It is possible that raphe cells modulate the limits of the spinal thermoneutral zone by modifying the input to or the excitability of preganglionic sympathetic neurons. Such a modification of the thermoneutral zone could result in the preparation's temperature, previously interpreted as neutral, becoming suprathreshold for activation of BAT-is nerve and tail vasoconstrictor nerve activity. Current data fail to distinguish between a direct effect of raphe on preganglionic sympathetic neurons and an indirect effect of raphe on neurons or terminals presynaptic to preganglionic sympathetic neurons. Resolving this issue presents an important challenge.
Cell Types Involved
There is evidence implicating both nonserotonergic and serotonergic raphe neurons in temperature regulation. The projection from RM to the hypothalamus is largely nonserotonergic (Martin et al 1985) . Similarly, most RP and RM neurons transneuronally labeled after pseudorabies virus injection into the tail artery are nonserotonergic (Smith et al 1998) . A sizable minority of nonserotonergic (45%) RM cells respond to innocuous changes in skin temperature in the anesthetized rat (Young & Dawson 1987) . On the other hand, 40% of serotonergic RM cells also respond to innocuous changes in skin temperature (Dickenson 1977) . It is interesting to note that these responses persist after decerebration, suggesting that serotonergic RM cells receive thermoafferent input from extra-hypothalamic sources, probably in addition to hypothalamic sources. The conduction velocity of the compound action potential elicited by RM stimulation in BAT-is nerves is just under 1 m/s, consistent with an unmyelinated bulbospinal projection from raphe to the intermediolateral cell column . This is consistent with a serotonergic projection because all serotonergic axons in the dorsolateral funiculus are unmyelinated in the rat (Basbaum et al 1988) . However, this evidence is not definitive, because nonserotonergic raphe cells may also send unmyelinated axons into the spinal cord.
Finally, it is possible that the influence of the caudal raphe on temperature regulation is part of a more general modulation of spinal sympathetic circuits. As stated above, tachycardia and an increase in blood pressure accompany BAT-is activation evoked by raphe disinhibition. Further, just as raphe inhibition blocks the increase in BAT-is nerve activity elicited by cooling the hypothalamus (Morrison 2000) , it also abolishes the cutaneous vasoconstriction response evoked by noxious pinch (Blessing & Nalivaiko 2000) . These results support the idea that medullary raphe cells do not simply relay thermoregulatory information as pre-motoneurons but instead influence a variety of types of afferent input to preganglionic sympathetic neurons.
The Medullary Raphe and Sexual Function
In anesthetized and spinalized male and female rats stimulation of the urethra elicits synchronous bursting in the smooth and striated musculature of the genitalia (McKenna et al 1991) . This urethrogenital reflex results from the activation of a lumbosacral central pattern generator for sexual climax in males and females, including ejaculation in males. Ejaculation is facilitated by sensory input from the penis (Sachs & Meisel 1988) , but is tonically inhibited by rostral medullary sites (Marson & McKenna 1990) . Bilateral lesions of nucleus paragigantocellularis pars lateralis (NRPGl), at the level of the facial nucleus, partially release the urethrogenital reflex from tonic inhibition by the brainstem in anesthetized rats (Marson & McKenna 1990) and decrease the latency to ejaculation and the number of intromissions required for ejaculation in awake, freely behaving rats (Yells et al 1992) . Because NRPGl lesions do not completely disinhibit either the urethrogenital reflex or ejaculation, neurons outside of NRPGl also contribute to the inhibitory regulation of sexual climax.
Consistent with their role in controlling sexual climax motor patterns, NRPGl neurons are labeled after pseudorabies virus injections into the corpus cavernosus of the penis, the clitoris, or the striated muscles of the penis (Marson 1995 , Marson & McKenna 1996 , Marson et al 1993 . Because parapyramidal region (PPR), raphe pallidus (RP), and raphe magnus (RM) neurons are consistently labeled after such virus injections, these medullary raphe and reticular neurons, in addition to neurons in NRPGl, likely contribute to the control of sexual climax. The latency to virus transport to medullary somata is consistent with medullary cells innervating interneurons as well as somatic motoneurons and preganglionic sympathetic neurons. Therefore, the anatomical evidence cannot distinguish whether neurons in the medullary raphe and ventral reticular region directly modulate somatic and autonomic efferents or whether they indirectly modulate the effect of afferent stimulation upon the urethrogenital central pattern generator. According to the latter idea, medullary cells would tonically suppress afferent input into the urethrogenital central pattern generator and thereby increase the amount of stimulation, achieved by mounting and intromission, necessary for ejaculation. This view would predict that lesioning the involved medullary cells would lead to a decrease in the amount of afferent stimulation, attained through intromissions, necessary for ejaculation. As predicted, NRPGl lesions have precisely this effect (Yells et al 1992) .
Serotonergic and Nonserotonergic Cell Involvement
Serotonin has an inhibitory effect on sexual behavior that is at least partially mediated by an effect on spinal circuitry (Labbate et al 1998 , Yells et al 1995 , Zajecka et al 1997 . Intrathecal administration of a serotonin neurotoxin reduces spinal serotonin levels by 90% and attenuates the tonic inhibition of the urethrogenital reflex in intact rats (Marson & McKenna 1994) . Conversely, in spinalized and anesthetized rats, intrathecal serotonin increases the threshold needed to evoke an urethrogenital reflex (Marson & McKenna 1992) . In support of roles for both serotonergic and nonserotonergic medullary cells, midline neurons labeled after pseudorabies virus injections into the penis are mostly serotonergic, whereas no more than half of the virus-labeled cells in the PPR and NRPGl are serotonergic (Marson & McKenna 1996 , Marson et al 1993 . Thus, medullary cells, located in both raphe and more lateral reticular regions, are likely to contribute to the modulation of sexual climax motor patterns.
CELLULAR INTEGRATION OF MULTIPLE OUTPUTS
Evidence for the participation of the medullary raphe in nociceptive modulation, temperature regulation, and sexual function has been reviewed. Although evidence that raphe contributes to other physiological functions, such as gastric acid secretion (see for example Yang et al 2000) , is similarly compelling, full consideration of such data is precluded by space.
There are two principal ways in which the medullary raphe can contribute to the modulation or control of multiple physiological functions. First, individual neuronal populations could be dedicated to the modulation of each separate function. Alternatively, individual cells could contribute to the modulation or control of many different neural circuits. In the latter case, cells could either contribute to multiple modulatory functions simultaneously via divergent projections or could serve different functions at different times by some type of network reconfiguration. Of course, there are many intermediate possibilities; individual cell populations may contribute to a restricted subset of functions such that the number of populations is a fraction of the number of functions affected. This section discusses evidence in support of each of these possibilities.
Anatomical Divergence
One way to distinguish between dedicated and multifunctional cell populations is to determine whether single cells project to one or more different cell types. Unfortunately, there is only scant information available on the question of whether individual neurons project to multiple targets. After injections into two levels of the spinal cord or into the spinal cord and caudal medulla, both single-and double-labeled RM and NRMC neurons are observed (Allen & Cechetto 1994 , Huisman et al 1981 . However, even if a cell projects to multiple spinal segments, the targeted neurons could be of a single type. As mentioned above, Loewy and colleagues used the pseudorabies virus method to demonstrate that individual neurons, both serotonergic and nonserotonergic, project to pathways that innervate the stellate ganglion and the adrenal medulla (Jansen et al 1995) . Although this is clear evidence for divergence, both the adrenal medulla, which is responsible for releasing catecholamines into the blood, and the stellate ganglion, which provides sympathetic innervation to the heart, promote cardiovascular arousal. It remains unclear whether single medullary cells diverge to targets with less closely related, or even antagonistic, physiological functions.
The spinal terminations of single myelinated axons descending from RM have been examined with anatomical and electrophysiological techniques (Fields et al 1995 , Light 1985 . In the cat intracellular labeling of dorsolateral funicular axons that were directly activated by medullary raphe stimulation revealed two termination patterns (Light 1985) . One group of axons terminated in laminae I, II, V, and X, whereas a second group of axons terminated in laminae V, VII, and X. An antidromic mapping study revealed that 32 out of 48 ON and OFF cell axons traveled within the dorsolateral funiculus, and 17 of these 32 terminated within lamina I, II, and V of the dorsal horn (Fields et al 1995) . The obverse of these findings is that up to a third of the recorded ON and OFF cells did not send axons into the dorsolateral funiculus and that almost half of the ON and OFF cells traveling within the dorsolateral funiculus did not terminate within the adjacent cervical dorsal horn. Whether these axons terminated within the dorsal horn at other spinal levels is unknown.
Unfortunately, the evidence on medullary cell projections does not distinguish between many cell populations with dedicated functions and a few cell populations with divergent functions. Evidence to date leaves open to interpretation the extent to which single medullary raphe cells contact different types of spinal neurons. For instance, a cell that projects only to laminae I, II, and V in a single segment could contact nociceptive, thermoreceptive, low threshold somatosensory, and pre-preganglionic interneurons. Conversely, a cell that projects to laminae V, VII, and X in multiple spinal segments could selectively target interneurons to preganglionic sympathetic neurons that selectively innervate brown adipose tissue. In summary, current data are insufficient to determine how many different types of spinal neurons are contacted by each medullary raphe cell class.
Physiological Heterogeneity
The physiological characteristics of cells in the medullary raphe and ventromedial reticular nuclei are sufficiently varied that a large number of functional subpopulations may exist. In addition to ON and OFF cells, RM and NRMC contain a third major type of nonserotonergic cell-the NEUTRAL cell. NEUTRAL cells are unaffected by noxious tail heat or opioid administration in the anesthetized rat (Barbaro et al 1986 , Cheng et al 1986 , Fields et al 1983a , and the role, if any, of these cells in nociceptive modulation has never been clear. Although NEUTRAL cells are defined by their lack of response to noxious tail heat in the anesthetized condition, most respond to noxious tail clamp and colorectal distension in the anesthetized state (Brink & Mason 2000 , Leung & Mason 1998 and half respond to noxious heat in the absence of anesthesia (Leung & Mason 1999) . Furthermore, in unanesthetized rats NEUTRAL cells exhibit state-dependent discharge patterns like those of ON and OFF cells (Leung & Mason 1999) . Although NEUTRAL cells are unlikely to be truly unresponsive to somatic stimulation, it remains possible that a neutral response to noxious tail heat in the anesthetized preparation accurately predicts opioid sensitivity and perhaps efferent function.
The existence of four major physiological cell classes-ON, OFF, NEUTRAL, and serotonergic-within RM and NRMC belies an even greater potential for heterogeneity. The spontaneous discharge rates of ON, OFF, and NEUTRAL cells vary by greater than two orders of magnitude, and a subset of the neurons in each of these classes has a regular discharge pattern that lacks the frank bursts and pauses present in the discharge of most nonserotonergic cells (Gao & Mason 2000 , Leung & Mason 1998 ). The noxious heat-evoked responses of ON and OFF cells also vary by more than 100-fold. The response to opioids of a large and diverse selection of ON, OFF, and NEUTRAL cells has never been tested and may be less homogeneous than is currently thought. In support of this idea, several nonserotonergic cells that were activated by noxious pinch or heat were also activated by morphine administration in the awake cat (Auerbach et al 1985) . Serotonergic cells are also physiologically heterogeneous. Some serotonergic cells respond to noxious heat, retroperitoneal stimulation, and baroreceptor activation, whereas others do not (Gao & Mason 2000 , Genzen et al 1997 K Gao & P Mason, unpublished observations) . There are subsets of serotonergic cells that discharge in relation, either negative or positive, to blood pressure, whereas the discharge of other serotonergic cells appears unrelated to blood pressure. The responses of serotonergic cells to natural stimuli in the unanesthetized cat are also heterogeneous. For instance, most but not all, serotonergic RM neurons respond when the cat is held by the scruff of the neck (Auerbach et al 1985). As mentioned above, both serotonergic and nonserotonergic raphe cells contain various combinations of neuropeptides and amino acid neurotransmitters. Therefore, medullary raphe and ventromedial reticular neurons are diverse in terms of axonal projections, neurochemical content, and physiological characteristics. Unfortunately, the critical question of how this extreme cellular diversity corresponds to a heterogeneity in output function remains unanswered.
Convergent Afferent Input
Many medullary raphe and ventromedial reticular neurons receive convergent inputs related to multiple spinal systems, suggesting that they may serve compound functions. For instance, nonserotonergic RM cells that are excited by cooling the skin are also excited by noxious pinch, whereas cells that are excited by warming the skin are inhibited by noxious pinch (Young & Dawson 1987; cf. McAllen et al 2000) . Similarly, many nonserotonergic neurons in NRMC and nucleus reticularis gigantocellularis (NRGC) that respond to low-intensity mechanical stimulation of the penis also respond to noxious pinch of the paws or ears (Hubscher & Johnson 1996) 1 . One interpretation of convergent inputs to medullary neurons is that the recipient neurons modulate the multiple systems represented by the effective inputs. An alternative possibility is that raphe cells only modulate one spinal system, such as nociception or thermoregulation, but do so in response to convergent input from multiple systems.
BEHAVIORAL STATE AND THE MEDULLARY RAPHE
Compelling anatomical, physiological, and electrophysiological evidence suggests that the medullary raphe and ventromedial reticular nuclei are involved in multiple efferent functions. Is there any way to understand these multiple functions in a unified and coherent manner? One possibility is that medullary raphe and ventromedial reticular neurons ensure that somatomotor and autonomic spinal circuits are set appropriately for the behavioral state or context of the animal.
As discussed above, the spontaneous discharge of serotonergic and nonserotonergic RM cells is state dependent. Most stimuli that elicit responses in serotonergic RM neurons concurrently change the state of arousal, whereas stimuli that fail to change the state of arousal typically fail to elicit serotonergic cell responses. The responses of nonserotonergic RM cells to external stimuli may also be related to state changes. In anesthetized rats skin temperature alters the discharge of nonserotonergic neurons only when cortical and electromyographic status changes occur simultaneously (Grahn & Heller 1989) . Because noxious stimulation elicits cortical desynchronization (Grahn & Heller 1989) and genital stimulation alters the state of arousal, most or all RM cell responses may be intertwined with statechanging effects.
The association between RM cell responses and state has been interpreted as evidence that the cell responses are secondary to state changes and therefore are "nonspecific" by-products of arousal. However, the nonserotonergic RM cellular response to noxious stimulation precedes the evoked cortical desynchronization (Leung & Mason 1999) and is therefore unlikely to be a secondary response. Furthermore, although state-related effects may be considered nonspecific in some systems, this is unlikely to be the case for medullary raphe and ventromedial reticular neurons. Instead, the physiological inputs that evoke responses in serotonergic and nonserotonergic RM cells are diverse in terms of modality but similar in terms of their specific ability to alter the animal's state. In this light, it is understandable why the leading ideas regarding function of the medullary raphe have focused on pain modulation and thermoregulatory control and recently on sexual function. Pain and thermal challenges are two principal threats to homeostasis and they elicit state changes. During sleep such stimuli elicit a microarousal (Lavigne et al 2000) . During waking they change the behavior and motivation of an animal. Whereas stimuli in other modalities also elicit state changes, they may only do so when presented at more extreme intensities than are necessary for pain or temperature. Because pain and temperature, and sexual stimulation, stand out in their potential for influencing an animal's state changes, it should not be surprising that they also stand out in the physiology of medullary raphe cells.
Beyond the correlation between RM cell discharge and behavioral state, physiological experiments also implicate the medullary raphe and adjacent reticular nuclei in state control. As mentioned above, microinjection of bicuculline into RM, which increases neuronal activity by disinhibition, shortens the microarousal evoked by an air puff stimulus (Foo & Mason 2000) . Conversely, inactivation of RM neurons, by large (1 µl) injections of lidocaine, awakens rats from slow wave sleep (Berner et al 1999) . These experiments are consistent with the idea that one effect of RM activation is to suppress physiological arousal evoked by external events. However, such a function is unlikely to be the only output of the physiologically and anatomically heterogeneous medullary raphe and ventromedial reticular nuclei. Indeed, in cats electrical stimulation of rostral RM desynchronizes cortical EEG and elicits exploratory movements (Mori et al 1989) . This report is in superficial conflict with the idea that RM stimulation promotes sleep maintenance, perhaps because the stimulation sites were at the rostral pole of RM, where numerous rostrally projecting neurons are found. Alternatively, the conflicting results may arise from the use of gross manipulations on heterogeneous but intermingled cells. The most worthwhile conclusion from such studies is likely to be that neurons in the medullary raphe and ventromedial reticular nuclei can modulate the expression of behavioral state.
A connection between behavioral state and the medullary raphe provides a unifying perspective on the divergent functions in which the medullary raphe has been implicated. Consider an animal in slow wave sleep. Remarkably, an animal remains in this quiescent and vulnerable state despite occasional external disturbances. When a sound, touch, or cool wind occurs, a microarousal, but not cortical arousal and awakening, results. Dampening the autonomic effects evoked by an external stimulus aids in preventing a full awakening. At the same time, in order to remain safe, simple motor behaviors, such as withdrawals, and the autonomic arousal necessary to support those withdrawals, continue.
The physiological diversity of medullary raphe cell types is greater than the diversity of behavioral states, of which there are only three major types-waking, slow wave sleep, and paradoxical sleep. This leads to an apparent imbalance between the large combinatorial diversity achievable by multiple cell types with staterelated discharge and the small number of behavioral states. However, substates have been described for both slow wave sleep and paradoxical sleep. Furthermore, waking is likely to be an even more diversified state with emotional substates that are as varied physiologically as the "shapes of rocks on a New Hampshire farm" (William James as quoted by Lang 1994) . Afferents to the medullary raphe and ventromedial reticular region arise from regions that are important in setting the emotional, autonomic, and behavioral state of the animal (see above). Thus, combined input from the amygdala, hypothalamus, PAG, and parabrachial nuclei may inform medullary raphe neurons of the desired state.
Medullary raphe and ventromedial reticular cells may aid in the production of a coherent behavioral state by specifically reconfiguring the sensitivity of spinal circuits to external and internal stimuli. Raphe modulation is likely to target a number of different spinal circuits, each linked to specific behaviors. For example, the sensitivity of supraspinally projecting dorsal horn cells could be modulated to affect the probability that a somatosensory stimulus evokes a change in cortical synchronization. Modulation of the activity of nociceptive neurons that contact ventral horn interneurons and motoneurons could modify the motor responses to painful stimuli. Modulation of the sensitivity of the interneurons and sympathetic efferents that control BAT-is activity could alter the range of thermoneutral temperatures that an animal tolerates. Modulation of the sensitivity of spinal vasomotor circuits could alter the range of inputs-visceral, nociceptive, or thermal-that elicit cutaneous vasoconstriction. Likewise, the sensitivity of the urethrogenital central pattern generator could be modulated to influence an animal's receptivity to sexual advances. The output of all of the modulated circuits define a state. Failure to properly configure the spinal cord could result in counterproductive or paradoxical behavioral combinations such as walking while sleeping, cutaneous vasodilation during a fight, or sexual climax during exposure to severe cold. When operating properly the medullary raphe and ventromedial reticular region would promote favored combinations and prohibit disadvantageous combinations of sensory, autonomic, and motor function in accordance with the behavioral context of the animal.
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